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Appendix G
Procedures and Examples for Rapid Drawdown

G-1. General

Embankments may become saturated by seepage during a prolonged high reservoir stage. If subsequently the
reservoir pool is drawn down faster than the pore water can escape, excess pore water pressures and reduced
stability will result. For analysis purposes it is assumed that drawdown is very fast, and no drainage occurs in
materials with low permeability. Two separate procedures for computing slope stability for rapid drawdown
are presented in this appendix.

a. The first method is the one described in the 1970 version of this manual. It will be referred to here as
the “Corps of Engineers’ 1970 procedure.”

b. The second method is the one developed by Lowe and Karafiath (1960),' and modified by Wright and
Duncan (1987), and by Duncan, Wright, and Wong (1990). The objectives of the modifications were (1) to
simplify the method, and (2) to account more accurately for shear strength in zones where drained strength is
lower than undrained strength. The second method is more rational than the first, and is recommended. The
first method may be unrealistically conservative for soils that dilate during shear, and may lead to
uneconomical designs.

G-2. U.S. Army Corps of Engineers’ 1970 Procedure - Background

This method was presented in the previous (1970) version of this manual (USACE 1970). It involves two
complete sets of stability calculations for each trial shear surface. The first set of calculations is performed
for the conditions before drawdown, and is used to estimate the effective stresses to which the soil is
consolidated before drawdown. Although a factor of safety is computed in the first set of calculations, the
purpose of the first set of calculations is to compute the consolidation stresses. The effective stresses before
drawdown are used to estimate the undrained shear strengths that would exist during rapid drawdown. These
shear strengths are then used to perform a second set of stability calculations for conditions immediately after
drawdown. The factor of safety from the second set of calculations is the factor of safety for the rapid
drawdown condition.

a. First-stage computations. The first-stage computations are performed to calculate the effective
stresses to which the soil is consolidated prior to drawdown. The soil strengths and pore water pressures used
in the analysis are the same as those used for the long-term analysis of the steady seepage condition.
Effective stress shear strength parameters derived from Consolidated-Undrained (CU or R) tests with pore
water pressure measurements, or from Consolidated-Drained (CD or S) tests should be used. Pore water
pressures are computed from hydrostatic conditions or an appropriate seepage analysis. External water
pressures from the reservoir or other adjacent water are applied as loads to the face of the slope. The
objective of the computations is to evaluate the effective stresses on the base of each slice along the assumed
slip surface. The effective stresses are obtained by dividing the total normal force (N) on the base of each
slice by the length of the base, and subtracting the pore water pressure, i.e.,

o', =—-— G-1
AV (G-1)

' Reference information is presented in Appendix A.
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The stress o', is the effective normal stress, or consolidation stress, on the slip surface before drawdown.

b.  Second-stage shear strengths. Once the effective consolidation stresses have been calculated from
the first-stage computations, shear strengths are estimated for the second stage. The shear strengths are
estimated from a “composite,” bilinear shear strength envelope. The envelope represents the lower bound of
the R and S strength envelopes.

(1) The R envelope is determined by plotting a circle using the effective minor principal stress during
consolidation, 6'5., and the principal stress difference at failure, (6, — G3)r, as shown in Figure G-1, together
with the corresponding R envelope. Figure G-1a shows the envelope using conventional axes (¢ — T); while
Figure G-1b shows the envelope on a modified diagram of (G, — 03)¢ versus G;. Neither envelope is a valid
Mohr-Coulomb envelope, because they are plotted using one stress that existed during consolidation, 65,
and another stress that existed at failure, (6, — 63)r. Accordingly, this envelope is not consistent with the
fundamental principles of soil mechanics. It is empirical and should only be used in empirical procedures like
the 1970 procedure for rapid drawdown.

(2) The composite envelope used to determine the shear strengths for the second-stage computations is
shown in Figure G-2. The envelope represents the lower bound of the empirical R envelope described above,
and the effective stress S envelope. Shear strengths are determined for the second-stage computations using
the effective normal stress calculated for the first stage (from Equation G-1) and the composite envelope
shown in Figure G-2. Shear strengths are determined in this manner for each slice whose base lies in material
that does not drain freely.

c.  Second-stage computations. The second-stage computations are performed to calculate the stability
immediately after drawdown. For materials that do not drain freely the shear strengths are determined in the
manner described in G-2b. These strengths are assigned as values of cohesion, ¢, with ¢ equal to zero. For
materials that drain freely, effective stress shear strength parameters, ¢' and ¢', are used, and appropriate pore
water pressures are prescribed. The pore water pressures for free-draining materials should represent the
values after drawdown has occurred and steady-state seepage has been established at the new lower water
level. The pore water pressures for materials which do not drain freely are set equal to zero. If a portion of
the slope remains submerged after drawdown, the external water pressures acting on the submerged part of
the slope are calculated and applied as external loads to the surface of the slope.

G-3. Improved Method for Rapid Drawdown — Background

This method was developed by Lowe and Karafiath (1960), and modified by Wright and Duncan (1987) and
Duncan, Wright, and Wong (1990). The method involves either two or three separate slope stability
calculations for each trial slip surface. The first computation is the same as that for the Corps of Engineers’
1970 procedure and is used to calculate the effective stresses to which the soil is consolidated before
drawdown. The second set of computations is performed using undrained shear strengths corresponding to
the effective consolidation stresses calculated in the first stage. If the drained shear strength is less than the
undrained shear strength for any slices, a third set of calculations is performed, using drained shear strengths
for those slices. The factor of safety from the last stage (the second or third stage) is the factor of safety after
rapid drawdown.

a. First-stage computations. The first-stage computations are the same as those for the Corps of
Engineers’ 1970 method. However, in addition to computing the consolidation normal stress on the base of
each slice, ¢'., the shear stress at consolidation, T, is also calculated for each slice. The shear stress at
consolidation is calculated by dividing the shear force (S) on the base of the slice by the length of the base,
ie.,
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Figure G-1. R Shear strength envelope used in Corps of Engineers’ (1970) method for rapid drawdown
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Figure G-2. Composite shear strength envelope used in Corps of Engineers’ (1970) method for rapid drawdown
T = (G-2)

b. Second-stage shear strengths. Two shear strength relationships are used to evaluate shear strengths
for the second-stage computations.

(1) The first is the relationship between undrained shear strength (shear stress on the failure plane at
failure), T, and effective normal stress on the failure plane during consolidation, 6'¢.. This relationship can be
determined directly from the results of isotropically consolidated-undrained (CU or R) tests, or it can be
calculated from the strength parameters, cg and ¢g, that are determined from the R envelope shown in
Figure G-1.

(a) To determine the relationship between Ty and o'r directly from the results of isotropically
consolidated-undrained triaxial compression tests, the shear stress on the failure plane at failure, Ty, is plotted

versus the effective stress on the failure plane at consolidation, 6's. The values of 1 and G'r. are calculated
using the following equations:

T :_TG cos ¢’ (G-3)

Gy =" (G-4)



where

(01— 63)r = principal stress difference at failure

¢' = effective stress angle of internal friction

¢'3c = CU test consolidation pressure
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C'r. 1s equal to G'5; because the consolidation pressure is the same on all planes in an isotropic consolidated

undrained triaxial test.

(b) An example relationship of T vs. G' is shown in Figure G-3. The intercept and slope of this
envelope are designated, dKC:l and Wy - If values of T and G'y. are determined directly from the CU test

results, the values of dKC:l and Yy _, are determined by drawing a line through the data and measuring the

intercept and the slope as indicated in Figure G-3.
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Figure G-3. 1% vs ¢'ic Shear strength envelope from isotropically consolidated undrained (CU or R)

triaxial compression tests
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(c) The values of dy _,and yy _, are related to the intercept and slope (cr and ¢r) of the R-envelope

shown in Figure G-1 and can be computed if cg and ¢r have been evaluated. The relationships between the
parameters dy _; and Yy _, and the parameters cg and ¢r are follows:

do _ =c, cos ¢R. cos ¢ (G-5)
¢ 1—sin ¢y

\le o= tan_l w (G_6)
¢ 1-sin ¢y

(2) The other shear strength relationship needed for the second-stage computations is the effective stress
envelope. Although this envelope is for drained strengths, it may also be viewed as an envelope representing
the undrained shear strength of soil that is consolidated to stresses that bring the soil to failure before any
undrained loading is applied. In this case, no additional load can be applied in undrained shear before the soil
fails. In such a test, the stresses at failure are the same as those at consolidation.

(a) The two shear strength envelopes that are used to determine undrained shear strengths for the second-
stage stability computations are shown in Figure G-4. Both envelopes represent relationships between
undrained shear strength, Ts, and effective consolidation pressure on the failure plane, G'..

Shear stress on the failure
plane at failure, T4

Ko =1 1
?.

Effective normal stress on the failure
plane at consolidation, c,

Figure G-4. 1% vs 6'xx Shear strength envelope used for improved procedure for rapid drawdown
analysis
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(b) The two envelopes shown in Figure G-4 correspond to the extreme possible values of the ratio of
0'1./0'3. =K.. Asdiscussed above, one of the envelopes corresponds to isotropic consolidation, or K. =1, and
the other corresponds to the maximum possible ratio, or K. = ¢'1¢/6'ss = K¢. The undrained shear strengths
needed for the second-stage stability analyses are interpolated between these envelopes, using the value of K,
for each slice determined from the first stage computations as the basis for interpolating between the
envelopes.

(c) As noted above, the values of K, ranges from 1.0 to Ky If ¢' = 0, the value of Ky is given by the
following equation:

_I+sin ¢' i
~ 1-sin o' G7)

If ¢' is not equal to zero, the value of Ky varies with the effective consolidation pressure 6's, as shown by the
following equation:

_ (o' t+c'cos 0')(1+sin ¢")

Kf .
(o'—c'cos ¢")(1—sin ¢")

(G-8)
(3) The following steps are used to compute undrained shear strength values for each slice using the
stresses 0'c and 7. from the first-stage computations:

(a) Compute undrained shear strengths from the two shear strength envelopes shown in Figure G-3. The
shear strengths are computed using the effective consolidation stress, ¢, as follows:

Tk, =1) = d(KC:l) +0', tan(WKC:I) (G-9)
Tk —k,) = '+ 0 tan(¢") (G-10)

(b) Compute the effective principal consolidation stress ratio at failure, K¢, from Equation G-7 or G-8.
(c) Calculate the principal stress ratio at consolidation, K, for the stresses on the base of the slice,

T sin ¢'+1
€% cos ¢

¢ sin ¢'-1
0'c+167¢
cos ¢'

(G-11)

where the stresses 6'. and 1. are those from the first-stage computations.

Equation G-11 is derived by assuming that the orientation of the principal stresses during consolidation is the
same as at failure, as suggested by Lowe and Karafiath (1960).

(d) Calculate, by linear interpolation between the two values of shear strength determined in Step a, the

undrained shear strength, Ty, for the slice. The undrained shear strength is calculated using the following
equation:
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K=Kt g o F (K =Dy,
K, -1

(G-12)

T

c. Second-stage computations. The second-stage computations are performed to calculate stability
immediately after drawdown, assuming that all low-permeability materials are undrained. The low-
permeability materials are assigned undrained shear strength values calculated from Equation G-12, with ¢ set
equal to zero. Effective stress shear strength parameters are used for materials that drain freely, and
appropriate pore water pressures are prescribed. The pore water pressures for free-draining materials are
those after drawdown has occurred and steady-state seepage has been reestablished. The pore water pressures
in the low-permeability materials are set equal to zero. If a portion of the slope remains submerged after
drawdown, the external water pressures acting on the submerged part of the slope are calculated and applied
as external loads to the surface of the slope.

d. Strengths for third-stage computations. Once the second-stage computations have been completed,
each slice is examined to determine if the drained strength would be less than the undrained strength
determined from Equation G-12. The drained shear strength is estimated as follows:

(1) The total normal stress on the base of each slice is calculated by dividing the normal force, N,
calculated in the second-stage computations by the length of the base, i.e.,

N
c=— G-13

Al (G-13)

(2) An approximate value of the drained effective stress, 6'4, after steady-state seepage is reestablished is
computed by subtracting the pore water pressure from the total stress, i.e.,

c'y=0-u (G-14)
where G is the total normal stress calculated in Equation G-13.

Because the total normal stress is based on the second-stage computations, it is not necessarily the same as the
total normal stress that would exist after drainage has occurred. However, it should not be much different,
and it is reasonable to assume that it is the same for the purpose of these analyses. The pore water pressure, u,
in Equation G-14 should be the pore water pressure after steady-state seepage is reestablished following
drawdown. The pore water pressure is not the same as the pore water pressure used in the first-stage
computations.

(3) The drained shear strength is estimated using the effective stress calculated in Equation G-14 and the
effective stress shear strength parameters, ¢' and ¢', which are the same as those used in the first-stage
computations. The drained shear strength, s, is calculated from:

sy =c'+0' tan(") (G-15)

(4) The drained shear strength calculated in Equation G-15 is compared to the value of undrained shear
strength for this slice that was used in the second-stage computations. Ifthe drained shear strength is greater
than the undrained shear strength for all slices where the undrained shear strength was used previously, then
no further computations are required. In that case, the factor of safety after rapid drawdown is equal to the
factor of safety calculated for the second stage. If for any slice the drained shear strength is less than the
undrained shear strength used for the second-stage computations, a third-stage computation is performed. For
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those slices where the drained shear strength is less than the undrained shear strength, the effective stress
drained shear strength parameters, c' and ¢', are assigned to those slices for the third-stage computations. Pore
water pressures are assigned based on the reestablished steady-state seepage conditions. For those slices
where the undrained shear strength is less than the estimated drained shear strength, the same undrained shear
strengths used for the second-stage computations are used for the third stage.

e. Third-stage computations. The third-stage stability computations are performed using the same
conditions as for the second-stage computations, except for those materials where drained strengths are lower
than undrained strengths. For those slices the drained strength parameters and appropriate pore water
pressures are used, as noted above. The factor of safety after rapid drawdown is equal to the factor of safety
calculated for the third stage. If the third-stage computations are not required, the factor of safety after rapid
drawdown is equal to the factor of safety calculated for the second stage.

G-4. Example Problems

Three examples of rapid drawdown stability analyses of the slope shown in Figure G-5 are presented in the
following sections. The slope is homogeneous, with the shear strength properties indicated in the table shown
in Figure G-5. The unit weight of soil is 135 pcf. The unit weight is assumed to be the same above and
below the water levels and does not change as a result of drawdown. Drawdown is from a maximum pool
level of 103 feet to a minimum pool of 24 feet.

a. All computations are performed for the circular slip surface shown in Figure G-6. The soil mass
above the trial slip surface is subdivided into 12 slices. The slip surface is not the critical slip surface.

b. For simplicity in the example calculations, it was assumed that the piezometric line was horizontal at
the elevation of the maximum pool. Similarly, after drawdown and reestablishment of steady-state seepage,
the piezometric line was assumed to be horizontal at the reservoir level after drawdown. In many slopes it
would be appropriate to perform seepage analyses to determine the pore water pressures before and after
drawdown.

c. Inthe following sections, three analyses are presented. The first uses the Corps of Engineers’ 1970
procedure (USACE 1970) for rapid drawdown, and the Modified Swedish Method for the stability
calculations. The second uses the improved (and recommended) procedure for rapid drawdown and the
Simplified Bishop Method for the stability calculations. The third uses the improved procedure for rapid
drawdown, and the Modified Swedish Method for stability calculations, with side force inclinations
determined using Spencer’s Method.

G-5. U.S. Army Corps of Engineers’ 1970 Procedure - Example

The first analysis uses the U.S. Army Corps of Engineers’ 1970 procedure (USACE 1970) for rapid
drawdown analyses. Although the improved method described in Section G-3 is recommended, the 1970
method has been used for design of many dams, and it may be necessary to use this method to check those
older designs. Stability calculations for the 1970 method were performed using the Modified Swedish
Method and the 1970 recommendations regarding the inclination of interslice forces. This was done for
consistency with the original procedure as described in the earlier manual, although Spencer’s Method is
currently recommended. The interslice forces are assumed to be parallel to the average embankment slope.
The average embankment slope is 2.84 (horizontal) to 1 (vertical), yielding an interslice force inclination of
19.4 degrees measured from the horizontal.

G-9
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Effective stress (CD or S)

R-envelope '
envelope P T VS. G'c envelope

Intercept, ¢' | Slope, ¢ Intercept, cr | Slope, ¢r | Intercept, dic=1 | Slope, Wkc=1
0 30° 1200 psf 16° 1379 psf 18.2°

EL 110

Max. Pool: El. 103 \vi

252
£l 74

Unit weight, v = 135 pcf

Min. Pool: El. 24

ELO

Note: All elevations in feet

Figure G-5. Slope and soil properties for example problem

a. The interslice forces are total forces and thus include the water pressures on the sides of the slices.
This approach is necessary for the second stage where undrained shear strengths are used and pore water
pressures are therefore unknown. For consistency, the same approach was used for both stages. The use of
total, rather than effective, interslice forces is also consistent with most computer software. The stability
calculations are performed using the numerical Modified Swedish Method. Because undrained shear
strengths must be computed from the results of the first-stage analysis, the numerical solution procedures is
more suitable than the graphical procedure. Calculations for the numerical procedure are easily performed
using spreadsheet software, making the calculations relatively easy as compared with the graphical procedure.

(1) Step 1 — First-stage computations Calculations for the first-stage computations are summarized in
the table presented in Figure G-7a. Effective stress shear strength parameters (c¢' = 0, ¢' = 30 degrees) are
used for all slices. Slice weights are computed using total unit weight. The pore water pressures are
calculated from the horizontal piezometric surface assumed for this example, as explained above.
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Figure G-6. Circular slip surface and slices used for computations

Calculations are shown in Figure G-7a for the final trial value for factor of safety (F = 3.49), which satisfies
equilibrium. The factor of safety for the first stage is of little interest. The purpose of the calculations is to
determine the stresses on the slip surface for use in computing undrained shear strengths for the second-stage
analysis.

(2) Step 2 — Computation of shear strengths for second-stage analysis. Calculation of the effective
consolidation stress and the shear strengths for the second-stage computations are illustrated in the table
shown in Figure G-7b. The steps involved in the computations are as follows:

(a) The total normal force on the base of each slice is calculated using the equation,

W +PcosB—(Z,-Z,_,)sinf—(c'-u tan(b')%sinoc

N. (G-16)

tan¢'sin
cosoL+ —————

The terms in this equation are as defined in Appendix C.

(b) The effective normal stress, G'r, is calculated by dividing the total normal force (N) by the length of
the base of the slice, A/ and subtracting the pore water pressure, i.e.,

6'y=—-u (G-17)

G-11



EM 1110-2-1902

31 Oct 03
1] 23] 45|67 |89 ]10[11]12[13]14]15]16]17 ] [4 3]4]5]6
Surface loads
. >
X (32} X 17}
= = |5 - gu N =
~ S 19 < 7] ow g 2R R “~
g 178 6| |e| = 2ol (2|38 gl e
212l (L5 SEE. 1812|523 658 |2/37) |Es
=| £ SIE| 8128182 |12 o o8z |Zlele| |82
S A HE AR I A I T T -
Dl = =|<|E = 73 -
ST =12(85|5|5|Z|5|2|282|2en] |5]8|T2|3 2
,_Eq;c':gg,oo.-c-gm_:ﬁ:,qﬁ)e.g Eig‘mg
eIl 2|25l 09|18l |a|B8|-2 |6l - |C|B|0= @ R = =
IR AR IR Y e K- R R A R R R D = Elg|Z|=lcl®
Els olols|lzl=|5|2|5|2|8|5|5|<|as |5 g |<
S|elael S Ol G|C|ow|2|c|28 IS o S|8|ols g
2512212 zlslalel8ISRIEIZ|R|ISIEN |Z2(2|2|q|5| 8
ol NIl olg|o o (2|80l 0|22 slol 22|23 &
ols|o|lo|8|F olelc|Elelo|B|l =SSl 82l 0/lc|D
=l 0| >l=10|0| 2Ll S| |(=1@] 0|0« oO|Oo|ElOfE|®
NIT|<|n|F|{Tanjajlnaoan|laa Ol |En NV TR Y& Fraf I
11441420l 0 f18]4]|0]61]|8]0000j0][30] 2 20| 0 [o.25{ 0 [30]1.47
2120|21|428|58| 0| 0 [18|20| 0 |55 |35|14|0.89]0 {30 | 53 63 [0.890.92| 0 |30|0.53
3|18|45/807[109| 0| 0 [18|18| 0 {46 |26|38|2.36{0 |30 | 132 111{2.36{ 1.9 0 |30/ 1.1
4|18|58(1015[137{ 0| 0 [18|19| 0 |40 |23|55|3.40{0 |30 | 215 134/3.4|2.51/ 0 |30]1.45
5| 28|65/1785(241| 6 [0.34[18 | 30 | 10 |32 [32 |70 [4.39{ 0 | 30 | 332 240(4.39(2.99| 0 |30|1.73
6 | 22| 69/1508/204 | 15/0.96|18 | 24 | 23 | 24 |24 | 84 [5.24{ 0 | 30 | 403 214[5.24/3.64| 0 | 30| 2.1
7 | 23| 68|1570[212| 24| 1.52|18 | 25| 38 | 18 | 24 | 93 [5.78| 0 | 30 | 448 238|5.784.08| 0 |30 2.35
8 | 22| 66{1449(196|33[2.04{18 | 23 | 47 |11 [ 22|99 |6.15{0 | 30 | 465 2366.154.38{1.2 | 16]2.46
9 | 31| 60|1644[249|41(2.58(18 | 32| 83 | 4 |31[102]6.36| 0 | 30 | 439 336|6.36(4.62[1.2 | 16| 2.53
10| 35| 491702|230| 52|3.26|18 | 36 |119| -6 | 35 [102(6.34| 0 | 30 | 338 379(6.34/4.61/1.2 | 16 2.52
11| 30 | 34/1005(136 | 63|3.93|18 | 32 [124|-14 |31 | 97 |6.02| 0 | 30 | 195 315(6.0204.18|1.2 | 16| 2.4
12| 33| 12| 410 | 55| 73|4.59(18 | 35 |159|-23 | 35 | 86 5.36/0 [30 | 10 302[5.36/3.08| 0 |30]1.78

a. First-stage stability computations

~ b. Strength computations

for second stage

Figure G-7. Computations with Corps of Engineers’ (1970) method - first stage

(c) The shear strength, s,, for the second-stage computations is calculated using the composite shear
strength envelope shown in Figure G-8. This envelope is the lower bound envelope derived from the R and S
envelopes. The shear strength, s,, is calculated using the composite envelope and the effective consolidation
pressure, ', determined in Step 2. For the example calculations shown in Figure G-7b, the effective normal
stress, G'r, shown in Column 3 was first compared with the effective stress, T¢ and G;, corresponding to the

point where the R and S envelopes intersect. The stress where the two envelopes intersect is given by:
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Figure G-8. Composite shear strength envelope for example problem — Corps of Engineers’ (1970) method

6 =— R~ (G-18)
tan ¢g—tan ¢y

(d) For the example problem, the two envelopes intersect at 6; = 4.13 ksf. If the effective stress, o', is
less than G;, the effective stress shear strength parameters (¢' and ¢') are used to compute the strength, s,.
Otherwise, the R envelope parameters (cg and ¢r) are used (Columns 4 and 5 of table in Figure G-7b). The
shear strength was computed from the relationship:

s, =c+0' tan(0) (G-19)
where ¢ and ¢ are the appropriate values shown in Columns 4 and 5 in Figure G-7b.
The shear strengths are shown in Column 6 of the table in Figure G-7b.

(3) Step 3 — Second-stage computations. Calculations for the second stage are shown in the table
presented in Figure G-9. The specific details of the computations shown in Figure G-9 are as follows:

(a) The slice weight is calculated using the total unit weights after drawdown. In this example, the soil is
assumed to be saturated before and after drawdown. Thus the total unit weights and the weights of the slices

are the same as for the first stage. This will not always be the case.

(b) Because the reservoir is below the top of the lowest slice after drawdown, the surface loads (P) are
zero. In other cases the surface loads may not be zero.
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Figure G-9. Computations with Corps of Engineers’ (1970) method — second stage
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(c) The shear strengths (s;) calculated in Step 2 are assigned as values of cohesion (c) and ¢ is set equal
to zero. Pore water pressures are not relevant because ¢ is equal to zero. If the bases of some slices had been
located in soils that drain freely, effective stress shear strength parameters (c' and ¢') and appropriate pore
water pressures would have been assigned to those slices for the second-stage computations. The pore water
pressures in the freely draining soils would be those following drawdown.

(d) The side forces, Z;+1, shown in Figure G-9 are the final values calculated using the value of the factor
of safety that satisfies force equilibrium. Equilibrium is confirmed by the negligible force on the right side of
the last slice (slice 12). The factor of safety computed for the second-stage analyses is 1.35. This value is the
factor of safety after rapid drawdown for the assumed slip surfaces. It would be necessary to analyze
additional slip surfaces to determine the critical surface and the lowest factor of safety.

G-6. Improved Method for Rapid Drawdown — Example Calculations with Simplified Bishop
Method

a. First-stage computations. Calculations for the first stage of the computations are summarized in the
table presented in Figure G-10a. The calculations follow the same steps and procedure described in
section F.2.b for steady seepage analyses. Effective stress shear strength parameters (¢' =0, ¢' = 30 degrees)
are used for all slices. Slice weights are computed using total unit weights. The pore water pressures and
external water loads are calculated from the maximum pool piezometric surface shown in Figure G-5.
Calculations are shown in Figure G-10 for the final trial value of the factor of safety (F = 2.20).

b. Calculation of shear strengths for second-stage computations. Calculations of the consolidation
stresses and undrained shear strengths for the second stage of the computations are presented in the table in

Figure G-10b. The specific steps involved are as follows:

(1) The total normal force on the base of each slice is calculated using the equation:

W +Pcos B—%[(c'—u tan ¢") b tanol]

sinotan ¢’
cos oc+f

N =

(G-20)

where the terms are as defined previously. The values for all quantities are from the first-stage computations.
(2) Pore water pressures, u, are determined from the initial condition with the piezometric level at
elevation 103 ft (Column 2 in Figure G-7b). These pore water pressures are the same as the ones used for the

first-stage computations (Column 16 in Figure G-7a).

(3) The effective normal stress, G', is calculated by dividing the total normal force (N) by the length of
the base of the slice, A/, and subtracting the pore water pressure:

c;=fi—u (G-21)
Al

(4) The shear force (S) on the base of the slice is calculated from the equation:
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_1{c'b+(W+P cos B—ub) tan ¢'

sina tan¢'
F cosoc+7¢

S

(G-22)

where the values for all quantities are from the first stage analysis.

(5) The shear stress, 1., during consolidation is calculated by dividing the shear force (S) by the length of
the base of the slice, A¢:

T = (G-23)

(6) The effective principal stress ratio for consolidation, K., is calculated for each slice using the
equation:

sin¢'+1
cos '
¢ sin¢'-1

cos ('

(G-24)

where ' and 1. are the values calculated in Steps 3 and 5 above, and ¢' is the effective stress friction angle.

(7) Undrained shear strengths, expressed as the shear stresses on the failure plane at failure, T _, and

Tir -k, =K, » ¢ calculated from the T vs. 0'. shear strength envelopes for K. =1 and K. = Ky, respectively
(Columns 7 and 8 in Figure G-10b).

(8) The effective principal stress ratio at failure, Ky, is calculated from:

K. = (c'.4+c'cos 0')(1+sind’)

f . (G-25)
(0',—c'cosd")(1—sin¢")
or, when ¢' = 0:
_1rsing’_ o £45° + 3} (G-26)
1-sin¢' 2

(9) Undrained shear strengths, Ty, are computed by linear interpolation between the values of shear
strength from the K. = 1 envelope and the K. = K¢ envelopes:

(K, - KC)TH L (KC - l)tff_KczKf
Ty = -
K, -1

(G-27)

These undrained shear strengths are used for the second-stage computations.
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c.  Second-stage computations. Calculations for the second stage are shown in the table in
Figure G-11a. The specific details of the computations shown in Figure G-11a are as follows:

(1) The slice weight is calculated using the total unit weights after drawdown.

(2) Because the reservoir is below the top of the lowest slice after drawdown, the surface loads (P) are
zero. In other cases, the surface loads may not be zero.

(3) The shear strengths computed in Step 2 are assigned as values of cohesion (c), and ¢ is set equal to
zero. Pore water pressures are not relevant because ¢ is zero. If the base of some slices had been located in
soils that drain freely, effective stress, shear strength parameters (c¢' and ¢'), and appropriate pore water
pressures would be assigned to those slices for the second-stage computations. The pore water pressures in
the freely draining soils would be those following drawdown.

(4) The stability calculations in Figure G-11a for the second-stage are shown for the final value of the
factor of safety (F = 1.52), where the assumed and calculated values are equal.

d. Evaluation of strengths for third-stage analyses. The drained strengths of the soil are calculated as
shown in Figure G-11b. The specific steps are as follows:

(1) The total normal force on the base of each slice is calculated from Equation G-16. The values of the
quantities in this equation are from the second-stage computations. For slices that were considered to be
freely draining, effective stress, shear strength parameters and second-stage pore water pressures are used.
For slices that were assumed to be undrained, the value of ¢ in Equation G-19 is the undrained shear strength
and ¢ is set equal to zero.

(2) The pore water pressures, u, after drawdown are calculated from the final reservoir level.

(3) The effective normal stress, G'4, is calculated using the normal forces and pore water pressures
calculated in Steps 1 and 2, and the following equation:

N
G' = —— G-28
Y, u ( )

(4) The drained shear strength is estimated from:
sy =c'+ o' tan(") (G-29)
where ¢' and ¢' are the effective stress shear strength parameters.

(5) The drained shear strengths calculated in Step 4 are compared with the undrained shear strengths, Ty,
used in the second-stage computations to determine which is lower. Ifthe drained shear strength (sg) is lower
for any slice, a third-stage of computations is required. In this case, effective stress shear strength parameters,
c¢'and ¢', are used for slices where the drained shear strengths are lower, and undrained shear strengths are
used for the slices where the undrained strengths are lower. The undrained shear strengths used are the same
as for the second-stage computations. If the undrained shear strengths are lower than the drained strengths for
all slices, the undrained shear strengths are more critical and the third-stage computations are not required. In
this case, the factor of safety for rapid drawdown is the factor of safety calculated for the second stage.
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e. Third-stage computations. For the example problem, the drained strengths are lower than the
undrained strengths for slices 1, 2, and 12. Therefore, third-stage computations are required. The third-stage
computations are shown in the table in Figure G-11c. For the third-stage computations, the conditions are the
same as those for the second stage except for the shear strength parameters and the pore water pressures
assigned to slices 1, 2, and 12, where the drained shear strengths were determined to be lower. For these
slices the pore water pressures are calculated from the piezometric surface at el 24 feet. For all other slices,
the undrained shear strengths used for the second-stage computations are also used for the third-stage
computations. Pore water pressures were set equal to zero for slices where undrained shear strengths are
used. There were no external water loads for the second- or third-stage computations, because the water level
was below the top of the last slice after drawdown.

The third-stage computations are summarized in Figure G-11c for the final trial value of the factor of safety,
F =1.44. This value is the factor of safety after rapid drawdown for this method.

G-7. Improved Procedure for Rapid Drawdown — Example Calculations with Modified
Swedish/Spencer Procedure

This example uses the improved procedure for rapid drawdown analysis and the Modified Swedish Method.
In these calculations, the inclination of the interslice forces was determined by first computing the factor of
safety using Spencer’s Method. Thus, the factors of safety computed are identical to those calculated by
Spencer’s Method. These calculations are the type of calculations that would be performed to check the
results of an analysis performed using Spencer’s Method. When this procedure is used for analysis, the
recommended procedure for checking the calculations is to use the Modified Swedish Method with the
interslice force inclination computed in the analysis with Spencer’s Method.

The interslice force inclinations determined for Spencer’s Method are different for each of the three stages.
The interslice force inclinations from Spencer’s analysis are summarized in the tabulation below:

Interslice Force
Stage Inclination (degrees)
1 6.0
2 12.2
3 13.7

a. First-stage computations. Calculations for the first stage of the computations are summarized in the
table in Figure G-12a. Except for differences resulting from the assumed interslice force inclination, the
quantities shown in Figure G-12a are the same as those shown previously for the first-stage computations
with the Corps of Engineers’ (1970a) method, described in Section G-5a. Refer to Section G-5 for discussion
of shear strength parameters, pore water pressures, slice weights and external loads. Figure G-12a shows the
calculations for the final value of factor of safety (F = 2.23).

b. Calculation of shear strengths for second-stage computations. Calculations of the consolidation
stresses and undrained shear strengths for the second-stage computations are shown in the table in
Figure G-12b. Except for the formula used to compute the total normal force (N) on the bottom of the slices,
the calculations are identical to those described in Section G-6b, where the Simplified Bishop Method was
used. For the Modified Swedish Method, the total normal force is calculated using Equation G-16.

c. Second-stage computations. Except for the procedure used to calculate the factor of safety, the
quantities and calculations are the same as those used with the Simplified Bishop Method described in
Section G-6¢. The second-stage stability calculations in Figure G-13a are for the final value of the factor of
safety (F = 1.52).
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c. Third-stage stability

b. Strength computations for third stage

a. Second-stage stability computations

computations
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Figure G-13. Computations with improved drawdown procedure — Modified Swedish/Spencer’s Method — second and third stages
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d. Evaluation of shear strengths for third-stage computations. Once the computations for the second
stage are completed, drained strengths are computed as shown in Figure G-13b. Except for the equation used
to compute the total normal force on the bottom of the slices, the computations are the same as those for the
Simplified Bishop Method in Section G-6d.

e. Third-stage computations. The quantities for the third-stage computations are summarized in
Figure G-13c. As with any analysis using the Modified Swedish Method, a trial value is assumed for the
factor of safety, and interslice forces are computed using Equation C-19. The process is repeated with other
trial values of factor of safety until the force on the downslope side of the last slice is essentially zero. The
interslice force computations in Figure G-13c¢ are shown for the final value of the factor of safety (F = 1.44).
This value is the factor of safety after rapid drawdown for this method. This value is the same as the value
computed using the Simplified Bishop Method. This is not surprising because the two methods (Spencer and
Simplified Bishop) usually give values for the factor of safety that are the same or very nearly the same.

G-8. Summary of Examples

The results of the three examples discussed above are as follows:

Example Method Factor of Safety

1 Corps of Engineers’ (1970) rapid drawdown and stability calculations performed using the 1.35
Modified Swedish Method, with total side forces inclined at the average slope of the
embankment, 6 = 19.4 degrees.

2 Improved rapid drawdown procedure and stability calculations performed using the Simplified 1.44
Bishop Method.
3 Improved rapid drawdown procedure and stability calculations performed using the Modified 1.44

Swedish Method, with side force inclinations determined using Spencer’s Method, 6 =
12.2 degrees for stage 2, and 8 = 13.7 degrees for stage 3. This is the same as Spencer’s
Method.

The methods used in Examples 2 and 3 — the improved rapid drawdown procedure, with stability calculations
performed using the Simplified Bishop or Spencer’s Method — give factors of safety that are slightly higher
than the factor of safety computed for example 1. It might seem tempting to conclude that, since the
differences in factor of safety shown here are small, the choice between these methods can be made on the
basis of which is simpler, or more familiar. However, this would not be a valid conclusion, and should not be
used as a justification for continued use of the less accurate Corps of Engineers’ (1970) rapid drawdown
procedure.

The Corps of Engineers’ (1970) rapid drawdown procedure is inherently conservative, because it under-
estimates undrained shear strength. Counteracting this conservatism is the fact that the Modified Swedish
Method, with total side forces inclined at the average slope of the embankment, overestimates factor of safety
as compared with more accurate methods (Simplified Bishop or the Spencer Method). Although these effects
nearly balance out for this particular embankment, and the difference in factors of safety is fairly small in this
example, there is no reason to believe that this will always be the case. Because the improved procedure for
rapid drawdown analysis is based on sound soil mechanics principles and because it employs realistic
representations of soil strengths, it provides more meaningful and reliable factors of safety. It should be used,
in combination with accurate stability analysis methods (Simplified Bishop or the Spencer Method), on future
Corps of Engineers’ projects. The minimum required factors of safety to be used with the improved
procedure (given in Chapter 3) are 8 to 10 percent higher than those required in the 1970 manual. This
consistent with the fact that factors of safety computed using the improved procedure are somewhat higher
than those computed using the Corps’ drawdown procedure (1970), as noted above.
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